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The phonon band structure of monolayer MoS2 is characteristic for a large energy gap between
acoustic and optical branches, which protects the vibration of acoustic modes from being scattered
by optical phonon modes. Therefore, the phonon bandgap engineering is of practical significance
for the manipulation of phonon-related mechanical or thermal properties in monolayer MoS2. We
perform both phonon analysis and molecular dynamics simulations to investigate the tension effect
on the phonon bandgap and the compression induced instability of the monolayer MoS2. Our key
finding is that the phonon bandgap can be narrowed by the uniaxial tension, and is completely
closed at ǫ = 0.145; while the biaxial tension only has limited effect on the phonon bandgap. We
also demonstrate the compression induced buckling for the monolayer MoS2. The critical strain
for buckling is extracted from the band structure analysis of the flexure mode in the monolayer
MoS2 and is further verified by molecular dynamics simulations and the Euler buckling theory. Our
study illustrates the uniaxial tension as an efficient method for manipulating the phonon bandgap
of the monolayer MoS2, while the biaxial compression as a powerful tool to intrigue buckling in the
monolayer MoS2.
PACS numbers: 63.22.Np, 63.20.D-, 64.70.Nd
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I. INTRODUCTION
Molybdenum Disulphide (MoS2) is a semiconductor
with a bulk bandgap above 1.2 eV,1 which can be further
manipulated by changing its thickness,2 or through ap-
plication of mechanical strain.3–6 This finite bandgap is a
key reason for the excitement surrounding MoS2 as com-
pared to graphene as graphene has a zero bandgap.7 Be-
cause of its direct bandgap and also its well-known prop-
erties as a lubricant, MoS2 has attracted considerable at-
tention in recent years.8–12 For example, Radisavljevic et
al.13 demonstrated the application of monolayer MoS2 as
a good transistor. The strain and the electronic noise ef-
fects were found to be important for the monolayer MoS2
transistor.5,14–16 Several recent works have addressed
the thermal transport properties of monolayer MoS2
in both ballistic and diffusive transport regimes.17–20
The mechanical behavior of monolayer MoS2 has been
investigated.20–23 Quite recently, we derived an analytic
formula for the elastic bending modulus of the monolayer
MoS2, where the importance of the finite thickness effect
was revealed.24 We have also shown that the MoS2 res-
onator has much higher quality factor than the graphene
resonator.25
The electronic properties in the monolayer MoS2 are
dominated by its electronic band structure (particularly
its large bandgap). The thermal and mechanical proper-
ties in the monolayer MoS2 are mainly determined by its
phonon band structure (i.e phonon spectrum or phonon
dispersion). A distinct feature in the phonon band struc-
ture of the monolayer MoS2 is the big energy gap between
acoustic branches and optical branches, which has been
confirmed by the experimental measurement26 and vari-
ous theoretical calculations.27–29 The bandgap separates
the acoustic phonon modes from the optical modes in
the monolayer MoS2. As a result, the vibration of the
acoustic modes is difficult to be scattered by the opti-
cal modes, because it is difficult to satisfy the energy
conservation law owning to the big bandgap. In other
words, the acoustic vibration is preserved by the phonon
bandgap from being interrupted by the optical modes.
Due to this preserving mechanism, it has been shown
that the MoS2 resonator has higher quality factor than
the graphene resonator.25 The phonon bandgap induced
preserving mechanism is expected to play important roles
in other thermal and mechanical properties in the mono-
layer MoS2, such as the thermal conductivity, thermal
expansion, and the nano-mechanical resonator. Because
of this, the engineering of the phonon bandgap becomes
practically important, since it can be used to efficiently
manipulate various thermal and mechanical properties in
the monolayer MoS2.
In graphene, the strain engineering has been proved
to be an effective approach to modify its various
properties.30–41 In particular, lots of works have shown
the electronic bandgap opening in the strained graphene.
For monolayer MoS2, the strain is also able to manip-
ulate its electronic bandgap efficiently.3–6,42 So far, the
study of the strain effect on the phonon band structure
in monolayer MoS2 is still lacking, and is thus the focus
of the present work.
In this paper, we study the phonon band structure in
the monolayer MoS2 with uniaxial or biaxial strains, us-
ing both phonon band structure calculation and molec-
ular dynamics (MD) simulations. The uniaxial tension
is found to be more effective than the biaxial tension for
the bandgap manipulation in the monolayer MoS2. The
phonon bandgap between acoustic and optical phonon
2branches can be closed by the uniaxial tension ǫ = 0.145,
while the biaxial tension has only limited effect on the
phonon bandgap. It implies that the uniaxial tension can
have significant effect on the lattice dynamics properties
of the monolayer MoS2, where the phonon bandgap plays
an important role. In the compressed monolayer MoS2,
the long wave flexure phonon modes have negative fre-
quency, which indicates the instability of the quasi-two-
dimensional monolayer MoS2. The band structure anal-
ysis for the flexure mode gives the relationship between
the critical length and the critical compression, which
is further confirmed by MD simulations and the Euler
buckling theory.
The rest of the present paper is organized as follows.
In Sec. II, we present the tension effect on the phonon
bandgap in the monolayer MoS2. Sec. III is devoted
to the compression induced buckling of the monolayer
MoS2. The paper ends with a brief summary in Sec.IV.
II. TENSION EFFECT ON THE PHONON
BAND STRUCTURE
Fig. 1 shows the phonon band structure in the mono-
layer MoS2 without strain engineering. The mono-
layer MoS2 has a hexagonal honeycomb lattice structure.
Fig. 1 (a) left shows the primitive unit vector of the hon-
eycomb lattice. There are one Mo atom and two S atoms
within the primitive unit cell. These two S atoms fall
into the same lattice site in the honeycomb structure,
and the Mo atom takes up the other lattice site. ~a1 and
~a2 are the primitive lattice vectors in the honeycomb
lattice. The lattice constant is |~a1| = |~a2| = 2.14 A˚.
Fig. 1 (a) right shows the first Brillouin zone of the hon-
eycomb lattice structure. Three high symmetry points
are denoted by Γ, K, and M. The phonon band structure
is calculated from the lattice dynamics properties pack-
age GULP.43 The interaction within MoS2 is described
by the Stillinger-Weber potential.20
Fig. 1 (b) shows the phonon band structure of the
monolayer MoS2 along the high symmetry line ΓKM in
the first Brillouin zone. There are totally nine branches
in the phonon band structure corresponding to the nine
degrees of freedom in the primitive unit cell of the mono-
layer MoS2. More specifically, there are three acoustic
branches, i.e the flexure mode (ZA) branch, the trans-
verse acoustic (TA) branch, and the longitudinal acous-
tic (LA) branch. There are six optical branches, i.e two
z-direction optical (ZO) branches, two transverse opti-
cal (TO) branches, and two longitudinal optical (LO)
branches. A distinct feature in this phonon band struc-
ture is the large energy gap (gray area) between the
three acoustic branches and the six optical branches.
The acoustic and optical branches are separated by this
bandgap. As a result, it is rather difficult to satisfy the
energy conservation law during the phonon-phonon scat-
tering between acoustic and optical modes. In other
words, the acoustic phonon modes are difficult to in-
FIG. 1: (Color online) Phonon band structure of monolayer
MoS2. (a) Left: primitive unit cell for the MoS2 hexagonal
lattice. Right: The first Brillouin zone for the hexagonal lat-
tice. Γ, K, and M are three high symmetry points. (b) Phonon
band structure along high symmetry lines in the first Brillouin
zone. Note the bandgap (gray area) between acoustic and
optical branches. (c) Phonon DOS in the monolayer MoS2.
Note the zero DOS around 260 cm−1, implying a bandgap
in this frequency range. (d) Three dimensional phonon band
structure for the two branches around the bandgap, i.e the
highest-frequency acoustic branch and the lowest-frequency
optical branch. The green arrow indicates the bandgap.
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FIG. 2: (Color online) The highest-frequency acoustic phonon
spectrum for monolayer MoS2 under tension. The highest fre-
quency locates at M point in the Boillouin zone. Left: uni-
axial tension effect. The degeneracy between frequencies for
M1 and M2 is removed, due to the anisotropic tension style.
Right: biaxial tension effect. The degeneracy between fre-
quencies for M1 and M2 is maintained owning to the isotropic
tension style. Note the abrupt decrease of the frequency at
M point at biaxial tension ǫ = 0.13.
teract with the optical phonon modes. Hence, the vi-
bration of the acoustic phonon modes can be preserved
by the bandgap from being interrupted by the optical
phonon modes. Owning to the bandgap induced pre-
serving mechanism, it has been shown that the mono-
layer MoS2 resonator has higher quality factor than the
graphene resonator.25
Fig. 1 (c) shows the phonon density of state (DOS)
in the monolayer MoS2. The DOS is calculated from
the whole phonon band structure in the first Brillouin
zone with 201 × 201 × 1 k-sampling. There is a zero
DOS region around 260 cm−1, which corresponds to the
phonon bandgap shown in panel (b). Fig. 1 (d) shows
the three-dimensional plot for the two phonon branches
at the bandgap, i.e the highest-frequency acoustic branch
and the lowest-frequency optical branch. In the follow-
ing, we will refer to the highest-frequency acoustic branch
as lower band, and the lowest-frequency optical branch
as upper band. For the monolayer MoS2 without strain,
the minimum frequency in the upper band locates at the
Γ point in the first Brillouin zone, and the maximum fre-
quency in the lower band locates at the six M points in
the first Brillouin zone. Hence, the monolayer MoS2 can
be regarded as an ‘indirect semiconductor’.
We study the tension effect on the phonon band struc-
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FIG. 3: (Color online) The lowest-frequency optical phonon
spectrum for monolayer MoS2 under tension. The lowest fre-
quency locates at the Brillouin zone center for monolayer
MoS2 without tension. Left: uniaxial tension effect. The
degeneracy between frequencies for M1 and M2 is removed,
due to the anisotropic tension style. Right: biaxial tension
effect. The degeneracy between frequencies for M1 and M2
is maintained owning to the isotropic tension style. Note the
lowest frequency position changes from Γ to K point in the
Brillouin zone at biaxial tension ǫ = 0.13.
ture of the monolayer MoS2. We focus on the two
branches at the bandgap shown in Fig. 1 (d). The uniax-
ial and biaxial tensions are comparatively investigated.
The primitive unit cell is optimized to the energy mini-
mum configuration prior tension. The uniaxial tension is
applied to the optimized unit cell in the x direction. Af-
ter the uniaxial tension is applied, the unit cell is frozen
in its x direction and is allowed to relax in the y direc-
tion. For the biaxial tension, the pre-optimized unit cell
is stretched in both x and y directions and no further
relaxation is allowed for the unit cell. In both uniaxial
and biaxial tensions, all three atoms within the unit cell
are allowed to be fully relaxed.
Fig. 2 shows the tension effect on the lower band. In
the ideal monolayer MoS2 without tension, there is a
six-fold symmetry in the phonon band structure. The
maximum frequency locates at the six M points in the
Brillouin zone. Under uniaxial tension, the six-fold sym-
metry is removed due to the asymmetric strain style. The
maximum frequency locates at the two M1 points in the
uniaxially tensile monolayer MoS2. For biaxial tension,
the six-fold symmetry in the phonon band structure is
maintained owning to the symmetric strain type. The
highest-frequency still locates at the M points in the bi-
4FIG. 4: (Color online) Tension effect on the phonon bandgap.
(a) Uniaxial tension effect on the lowest frequency in the
lowest-frequency optical branch and the highest frequency in
the highest-frequency acoustic branch. (b) Bandgap versus
the uniaixal tension. The bandgap is closed at uniaxial ten-
sion ǫ = 0.145. (c) Biaxial tension effect on the lowest fre-
quency in the lowest-frequency optical branch and the high-
est frequency in the highest-frequency acoustic branch. (d)
Bandgap versus the biaixal tension, where insets show the vi-
bration morphology of the highest-frequency acoustic mode
and the lowest-frequency optical mode.
axially tensile monolayer MoS2. However, for biaxial ten-
sion ǫ = 0.13, there is an abrupt decrease in the value of
the maximum frequency in the phonon band structure.
This implies some structure transition in the system.
Fig. 3 shows the tension effect on the upper band. The
six-fold symmetry in the band structure is broken by the
asymmetric uniaixal tension. For uniaxial tension, the
location of the minimum frequency remains in the Γ point
of the first Brillouin zone. Under biaxial tension, the
band structure keeps the six-fold symmetry. It is quite
interesting that the minimum frequency location shifts
from the Γ to the K point at large biaxial tension ǫ =
0.13, which implies a qualitative change in the phonon
band structure induced by the structure transition.
The tension effect on the phonon bandgap is shown
in Fig. 4. Panel (a) shows the uniaixal tension effect
on the minimum frequency (red squares) from the upper
band, and the maximum frequency (blue triangles) from
lower band. With the increase of the uniaixal tension,
the minimum frequency decreases monotonically and the
maximum frequency increases monotonically. As a re-
sult, the phonon bandgap can be narrowed by applying
stronger uniaxial tension as shown in Fig. 4 (b). The
phonon bandgap is completely closed for uniaxial ten-
sion stronger than 0.145. This results predicts that the
thermal or mechanical properties of the monolayer MoS2
should behavior quite differently when it is stretched uni-
axially for a strain above 0.145. It should be noted that
uniaxial tension of ǫ = 0.145 is in a reasonable strain
range for the monolayer MoS2. It is because the nano-
FIG. 5: (Color online) The stress-strain relation during the
biaxial tension of the monolayer MoS2 of dimension 30A˚×20A˚
at 1.0 K. A sudden jump in the stress at ǫ = 0.137 discloses
a structure transition. Insets show the top view of the mono-
layer MoS2 just before or after the structure transition.
indentation measurement found that breaking occurs at
an effective strain between 6% and 11% for the ultra
thin MoS2.
21 Considering tip-induced stress concentra-
tion and the unavoidable defect in the experiment sam-
ple, the theoretical ultimate strain for monolayer MoS2
should be above higher. Indeed, first-principles calcula-
tions have predicted an ultimate strain above 20% for the
monolayer MoS2 during tension.
22,44
Panels (c) and (d) show that the biaxial tension is not
an effective approach to manipulate the phonon bandgap
in monolayer MoS2. Both the minimum frequency and
the maximum frequency are almost not affected by the
biaxial tension for ǫ < 0.13. There is an abrupt decrease
in the minimum and maximum frequencies, when the sys-
tem is biaxially stretched for ǫ > 0.13.
We discuss more details for the biaxial tension induced
structure transition. The insets in Fig. 4 (d) show the
vibration morphology of the highest-frequency acoustic
mode at the K point in the Brillouin zone and the lowest-
frequency optical mode at the M point in the Brillouin
zone. These two modes are calculated for the monolayer
MoS2 stretched biaxially with ǫ = 0.13. In both modes,
the two S atomic layers vibrate mainly in the xy plane,
while the middle Mo atomic layer does not vibrate. A
sudden decrease in the frequency of these two modes in-
dicates a structure transition under the biaxial tension.
It also implies that, during the transition, the structure
evolves in a way similar as the vibration morphology of
these two modes; i.e the outer two S atomic layers should
shift with respect to the inner Mo atomic layer.
To further explore the structure transition, we perform
the MD simulation for the tensile behavior of a monolayer
MoS2 with dimension 30A˚×20A˚. All MDs simulations in
this work are performed using the publicly available sim-
ulation code LAMMPS45,46, while the OVITO package
was used for visualization in this section47. The stan-
5−100
 0
 100
 200
ω
kc
kx
ky
−100
 0
 100
 200
ω
kc
kx
ky
−0.1
 0
 0.1
−0.1  0  0.1
k y
 
(b 0
)
kx (b0)
(a)
(b)
−0.2
 0
 0.2
−0.2  0  0.2
k y
 
(b 0
)
kx (b0)
(c)
(d)
FIG. 6: (Color online) Compression effect on the flexure mode branch of monolayer MoS2. (a) The phonon band structure of
the flexure mode under uniaxial compression ǫ = −0.08. The glass-shaped circle (green online) is the contour for ω = 0. The
frequency is negative for wave vectors enclosed by the contour. kc is the maximum wave vector on the contour. (b) From inside
to outside, the expansion of the contour for ω = 0 with increasing uniaxial compression ǫ = −0.01, -0.02, -0.05, -0.08, -0.11,
and -0.14. (c) The phonon band structure of the flexure mode under biaxial compression ǫ = −0.08. The contour for ω = 0
has six-folded symmetry owning to the isotropic compression style. (d) From inside to outside, the expansion of the contour
for ω = 0 with increasing biaxial compression ǫ = −0.01, -0.02, -0.05, -0.08, -0.11, and -0.14.
dard Newton equations of motion are integrated in time
using the velocity Verlet algorithm with a time step of
1 fs. The interaction within MoS2 is described by the
Stillinger-Weber potential.20 MD simulations are run at
a very low temperature (T=1.0 K), which is to keep con-
sistent with the above phonon band structure calcula-
tion, which does not consider the temperature effect ei-
ther. Periodic boundary conditions are applied in the
two in-plane directions, and the free boundary condition
is applied in the out-of-plane direction.
Fig. 5 shows the stress-strain relation for the biaxial
tension of the monolayer MoS2. Two insets show the
configuration just before and after the structure tran-
sition. The structure transition happens at ǫ = 0.137,
which is in good agreement with the above phonon anal-
ysis. In the new structure after the transition, the two
outer S atomic layers are indeed shifted with respect to
the inner Mo atomic layer, which is again consistent with
the phonon analysis. The shift of outer S atomic layers
is also observed in the experiment, where the MoS2 be-
comes metallic after the structure transition.48,49
III. COMPRESSION INDUCED INSTABILITY
In the above we have studied the tension effect on the
phonon band structure of the monolayer MoS2. The
rest of this paper will be devoted to the investigation
of the compression effect on the monolayer MoS2. Un-
der compression, the quasi-two-dimensional monolayer
MoS2 will be unstable (via buckling) if the applied com-
pression is strong enough. Owning to the flexibility of
the two-dimensional structure, a strong compression is
most likely to induce the out-of-plane deformation in the
monolayer MoS2, i.e the formation of ripples, i.e buck-
ling.
This compression induced instability can be well cap-
tured by the phonon band structure. In terms of phonon
modes, the ripple formation is actually equivalent to the
emergence of the flexure modes in the monolayer MoS2.
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FIG. 7: (Color online) The relationship between the criti-
cal length (Lc) and the critical compression (ǫc) from lattice
dynamics calculations and MD simulations. Fill points are
prediction from the lattice dynamics calculation of the flex-
ure mode for the monolayer MoS2 compressed by ǫc, where
the critical length Lc = 2π/kc and kc is the wave vector de-
picted in Fig. (a) or (c). Lines are fitting to data from the
lattice dynamics calculation. Open points are results from
MD simulations, where the monolayer MoS2 with length Lc
becomes unstable when it is compressed by a compression
stronger than the critical value (i.e |ǫ| > |ǫc|).
It is because the sinuous shape of the ripple is the same
as the vibration morphology of the flexure mode. We
thus can investigate the compression induced instability
of the monolayer MoS2 by examining the compression ef-
fect on its phonon band structure (particularly the flex-
ure mode).
Fig. 6 shows the band structure for the flexure mode
in monolayer MoS2 under uniaxial or biaxial compres-
sions. Panel (a) shows that the frequency of the long
wave (i.e around Γ point) flexure phonons become nega-
tive when the monolayer MoS2 is uniaxially compressed
by ǫ = −0.08. This negative frequency in the flexure
mode indicates that the two-dimensional structure is not
stable if it is deformed in the way similar as the vibra-
tion morphology of the flexure mode. The eigen vectors
of the flexure mode are eventually the sinuous-shaped
ripples in the out-of-plane direction. The energy of the
flexure mode is En ∝ (n/L)
2, where L is the system
length and n is the mode index. This phonon energy can
be regarded as the formation energy for the ripple in the
monolayer MoS2. The first flexure mode (n = 1) has the
lowest phonon mode energy, so it is the easiest one to be
excited when the monolayer MoS2 is compressed. The
contour for ω = 0 is shown in Fig. 6 (a) as the green
circle. The contour looks like a pair of glasses. All flex-
ure modes with wave vectors inner the ω = 0 contour
have negative frequency. The area enclosed by the ω = 0
contour reflects the overall instability of the monolayer
MoS2. The maximum wave vector on the contour is de-
noted by kc. It gives a critical length of Lc = 2π/kc.
It means that, for the particular uniaxial compression
ǫ = −0.08, the monolayer MoS2 becomes unstable and
forms a ripple, if its length is longer than Lc. In other
words, a monolayer MoS2 of length Lc becomes unstable
and is rippled, if it is uniaxially compressed by a strain
stronger than 0.08.
Fig. 6 (b) shows the ω = 0 contour for monolayer
MoS2, which is compressed by various uniaxial strain.
For curves from inside to outside, the uniaxial compres-
sion is ǫ = −0.01, -0.02, -0.05, -0.08, -0.11, and -0.14.
The contour for ω = 0 expands with increasing com-
pression strength. It means that the critical wave vector,
kc, increases with increasing uniaixal compression, so the
critical length decreases. In other words, a stronger com-
pression is in need to generate ripples in a shorter mono-
layer MoS2. This is quite reasonable considering larger
formation energy for a ripple in shorter monolayer MoS2.
Fig. 6 (c) shows the band structure for the flexure mode
in monolayer MoS2 under biaxial compression. The com-
pression strain is ǫ = −0.08. The negative frequency re-
gion also occurs and it is a circular area. Fig. (d) shows
the expansion of the expansion of the ω = 0 contour
with increasing biaxial compression strength, ǫ = −0.01,
-0.02, -0.05, -0.08, -0.11, and -0.14. The six-fold sym-
metry in the contour is well kept due to the symmetric
compression style.
From Fig. 6, we obtain the relationship between the
critical length, Lc, and the critical compression value,
ǫc. This relationship is displayed in Fig. 7 for uniaixal
compression (filled triangles) and for biaixal compression
(filled squares). This relation provides us two pieces of
equivalent information. On the one hand, a monolayer
MoS2 of length Lc becomes unstable if it is compressed
by a strain stronger than ǫc. On the other hand, under a
particular compression ǫc, the monolayer MoS2 becomes
unstable if it is longer than Lc. The linear fitting shows
that Lc ∝ ǫ
−0.5 in the small compression region. This de-
pendence is exactly the same as the critical compression
predicted by the classical Euler buckling of thin plates.50
According to the Euler buckling theory, the critical com-
pression for a thin plate under the uniaxial compression
is related to its bending modulus D and the in-plane ten-
sion stiffness C11 through following formula,
Lc =
√
4π2D
C11
√
1
|ǫc|
. (1)
The Stillinger-Weber potential gives a bending
modulus24 D = 9.61 eV and the in-plane tension
stiffness20 C11 = 139.5 Nm
−1 for the monolayer
MoS2. Using these two quantities, we get the relation,
Lc = 6.6|ǫc|
−0.5. For the uniaixal compression, Fig. 6
shows that Lc = 6.5|ǫc|
−0.5, where the fitting coefficient
of 6.5 is in excellent agreement with the result of 6.6
predicted by the Euler buckling formula. For large
compression, our calculation results deviate from the
linear Euler buckling theory, as the nonlinear effect
becomes important in the large strain region. Fig. 7
7FIG. 8: (Color online) The stress-strain relation during the
biaxial compression of the monolayer MoS2 with length L =
50 A˚ at 1.0 K. The instability happens at ǫc = −0.0169.
Insets show the occurrence of a ripple in the monolayer MoS2
for compression above ǫc.
shows that the biaxial compression is more effective than
the uniaxial compression in the generation of ripples in
the monolayer MoS2. That is, for a monolayer MoS2 of
length Lc, the critical strain for the biaixal compression
is smaller than that for the uniaxial compression.
We have now been aware that the monolayer MoSc
becomes unstable under compression, and we have ob-
tained, from the phonon band structure, the relation-
ship between the critical length and the critical compres-
sion value. This relationship between the critical length
and the critical compression can also be extracted from
the MD simulation of the behavior for the monolayer
MoS2 under compression. We thus perform MD simula-
tion for the structure evolution of the monolayer MoS2 of
length Lc under compression. The widths of all simulated
monolayer MoS2 are 20 A˚. Periodic boundary conditions
are applied in the two in-plane directions, and the free
boundary condition is applied in the out-of-plane direc-
tion.
Fig. 8 shows the stress-strain relation for the biaxial
compression of the monolayer MoS2 of 50 A˚ in length.
Two insets show the configuration just before and after
the occurrence of the compression-induced ripple. The
instability happens at ǫc = −0.0169. This instability is
actually the buckling of the monolayer MoS2. A ripple
is formed in the monolayer MoS2 to accommodate the
compression strain energy inside the system. The shape
of this ripple is exactly the vibration morphology of the
first flexure mode in the monolayer MoS2 with periodic
boundary conditions in both in-plane directions, which is
also the predicted buckling mode in the Euler buckling
theory.50 From this simulation, we get the critical com-
pression ǫc = −0.0169 corresponding to a critical length
Lc = 50 A˚. We perform similar MD simulations for mono-
layer MoS2 of different length. Both uniaixal and biaxial
compressions are considered in the MD simulation. The
relationship, Lc v.s ǫc, from the MD simulation is shown
in Fig. 7 for uniaixal compression (open triangles) and for
biaxial compression (open squares). The MD simulation
results overall agree with results from the phonon band
structure calculation. In particular, the MD simulation
results confirm that the biaxial compression is more ef-
fective than the uniaxial compression for the generation
of ripples in the monolayer MoS2.
We note that a similar energy gap also exists in the
phonon dispersion of other dichalcogenides,28,29 which
have quite similar atomic configurations. Furthermore,
these materials are close to each in their chemical prop-
erties, i.e they have similar covalent chemical bonding.
Based on the above discussion, the strain effect on the
phonon band gap is expected to be general in these
dichalcogenides.
IV. CONCLUSION
In conclusion, we have performed both phonon band
structure calculation and MD simulations to investigate
the tension effect on the phonon bandgap and the com-
pression induced instability (buckling) of the monolayer
MoS2. More specifically, we find that the uniaxial ten-
sion can effectively narrow the phonon bandgap between
the acoustic and optical branches, and the bandgap is
completely closed by applying a uniaxial tension of 0.145.
The biaxial tension only has limited effect on the bandgap
of the monolayer MoS2. Hence, the uniaxial tension is ex-
pected to be an efficient approach for the manipulation of
phonon related properties in the monolayer MoS2. Based
on the phonon band structure analysis and MD simula-
tions, we demonstrate the instability and ripple forma-
tion in the monolayer MoS2 under compression, where
the relationship between the critical length and criti-
cal compression is in excellent agreement with the Eu-
ler buckling theory. The biaxial compression is found to
be more effective than the uniaxial compression in the
formation of ripples within the monolayer MoS2.
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